A) enzyme activity due to mutations in the GLA gene. Currently, powerful diagnostic tools and in vivo research models to study Fabry disease are missing, which is a major obstacle for further improvements in diagnosis and therapy. Here, we explore the utility of urine-derived primary cells of Fabry disease patients. Viable cells were isolated and cultured from fresh urine void. The obtained cell culture, modeling the renal epithelium, is characterized by patient-specific information. We demonstrate that this non-invasive source of patient cells provides an adequate cellular in vivo model as cells exhibit decreased α-Gal A enzyme activity and concomitant globotriaosylceramide accumulation. Subsequent quantitative proteomic analyses revealed dysregulation of endosomal and lysosomal proteins indicating an involvement of the Coordinated Lysosomal Expression and Regulation (CLEAR) network in the disease pathology. This proteomic pattern resembled data from our previously described human podocyte model of Fabry disease. Taken together, the employment of urine-derived primary cells of Fabry disease patients might have diagnostic and prognostic implications in the future. Our findings pave the way towards a more detailed understanding of pathophysiological mechanisms and may allow the development of future tailored therapeutic strategies.
Gb3 derivative globotriaosylsphingosine, is a potential tool for monitoring treatment efficacy in Fabry disease patients 5, 6 . To date, additional biomarkers for monitoring disease progression are lacking 7 .
In contrast to blood samples or skin biopsies, urine-derived cell cultures have been shown to be a non-invasive important source of cells which -despite their heterogeneity -mirror pathomechanisms in hereditary diseases affecting the kidney [8] [9] [10] . Here, we describe the use of urine-derived primary cells of Fabry disease patients as an effective tool for diagnosis and research of pathomechanisms. In cultured urine-derived primary cells of Fabry disease patients we detected decreased α-Gal A enzyme activity and concomitant Gb3 accumulation. Furthermore, quantitative proteomic analyses confirmed the loss of α-Gal A protein and revealed dysregulation of lysosomal proteins. For future studies on disease mechanisms and therapeutic interventions, viable urine-derived Fabry disease cells could present a valuable tool.
Results
Characterization of urine-derived cells of Fabry patients. We cultured urine-derived cells 8, 11 of 7 individuals carrying different mutations in the GLA gene and of gender-matched healthy individuals as controls ( Fig. 1A) . Patient characteristics and their clinical parameters are described in Table 1 . To characterize the two cell culture subsets for their cellular composition and characteristics, we performed gene expression analysis. RT-qPCR did not reveal significantly different expression of cellular markers ( Supplementary Table S1 ) or altered levels of α-Gal A expression ( Fig. 1B, Supplementary Fig. S1A-D) . In patient 5 low levels of α-Gal A expression are detected due to affection of the splice site of intron 2 resulting in increased mRNA degradation. This finding is in contrast to the male individuals carrying missense mutations (patient 3 and 4) of which α-Gal A expression is not changed. In addition, in females carrying missense or nonsense mutations (patient 1 and 2) we show that α-Gal A expression is not altered (Fig. 1B, Supplementary Fig. S1B-D) . We also analyzed urine-derived cells of patients and controls for their α-Gal A activity. As expected, we detected a significant decrease of α-Gal A activity in all patient samples compared to controls. In the three samples obtained from male patients no α-Gal A activity could be detected, in contrast to residual enzyme activity measured in female patient samples (patient 1 and 2) ( Supplementary Fig. S1E ). Grouping patients and controls according to the ratio of α-Gal A versus ß-Gal activity (internal assay control) reveals a significant difference between patient cells and control cells (Fig. 1C) . Immunofluorescence staining for Gb3 shows varying, but clear Gb3 accumulation in affected individuals' cells (patient 3 and 4) ( Fig. 1D) .
In previous studies we and other groups detected a dysregulation of the autophagy machinery upon α-Gal A deficiency and Gb3 accumulation 12, 13 . To measure if urine-derived cells exhibit dysregulated autophagy, we examined autophagy marker LC3-II protein levels by western blot ( Fig. 2A, Supplementary Fig. S2 ). Interestingly, no significant differences between the two groups of primary cells were observed ( Fig. 2A ). Further studies showed COL4, FN1, HES1, and TGFβ1 gene expression levels to be elevated in immortalized human podocytes in response to lyso-Gb3 in vitro 14 . In our primary urine-derived Fabry cells the expression of these markers was not increased (Fig. 2B ).
Label-free quantitative proteomic analysis of urine-derived cells. To characterize urine-derived
Fabry disease patient cells more comprehensively, we performed label-free quantitative nLC-MS/MS analysis of four male patients, including patient 4 carrying a missense mutation, patient 5 with a splice site defect, and patients 6 and 7 carrying nonsense mutations (Table 1) . Patient 6 and 7 were not included in the previous qPCR and enzyme activity analysis due to limited sample size. In total, 3646 proteins were quantified ( Fig. 3A ). Hierarchical clustering of proteomic profiles based on Euclidean distance revealed some similarities between controls, and also strong clustering of patient 6 and 7, two siblings ( Fig. 3A ). Analysis of specific cellular markers on the protein level revealed no significant differences between Fabry patient-derived cells and controls ( Supplementary Table S1 ). When analyzing the proteins being differentially expressed comparing our four urine-derived Fabry patient samples to controls, we found a strong decrease of α-Gal A expression in patient samples (Fig. 3B and Table 2 , Supplementary Table S2 ). Since other lysosomal storage diseases have been shown to influence lysosomal proteostasis 15 , we analyzed proteins connected to lysosomal function and biogenesis. Lysosomal lumen proteins (GOCC) were increased in Fabry patient cells, thereby suggesting that urine-derived cells can be used as a suitable model for Fabry disease (Fig. 3C ). Furthermore, extracellular matrix (ECM) proteins like fibrillin (FBN1) and alpha-internexin (INA) were found to be more abundant. We also observed protein alterations depicting defective endosomal trafficking (SPG20, PTPN23, TFRC) and lysosomal biology (TOR4A) ( Fig. 3B ).
Proteome comparison of urine-derived patients cells and α-Gal A-deficient human podocytes.
To investigate to what extent the observed proteome changes may be explained by the absence of α-Gal A we made use of our previously established human podocyte model of Fabry disease, which exhibits defects in lysosomal biogenesis upon shRNA-mediated knockdown of α-Gal A activity 13 . Quantitative proteomic analysis of α-Gal A knockdown podocytes and control podocytes detected α-Gal A protein in control podocytes only ( Fig. 4A ). In total 1387 proteins were quantified. Among proteins being increasingly expressed in α-Gal A knockdown podocytes were lysosomal proteins GBA, SCARB2, LAMB1, SMPD1, the extracellular protein INA as well as PLOD1 & PLOD2, an ECM generating protein ( Fig. 4B , Table 3 , Supplementary Table S3 ). Furthermore, we detected alterations in components and regulators of proteasomal degradation and vesicular transport (SEC23B, PSMF1, ANXA4, VPS4B, PSMB7).
We compared the proteomes of urine-derived patient cells with the α-Gal A-deficient podocyte cell culture model. Despite a differential baseline proteome of both cell types, proteins such as lysosomal proteins GBA, SCARB2, the ECM protein FBN1 and INA were increased in both datasets, suggesting a conserved α-Gal A-dependent mechanism in both cell culture models ( Fig. 4C ). To visualize distribution of shared and dissimilar 
Discussion
In this study, we present for the first time the potential of urine-derived cells for diagnosis and pathophysiologic evaluation in patients with Fabry disease. These cultured cells provide a model to investigate the pathomechanisms underlying Fabry disease and hold the potential of monitoring therapeutic efficacy. We show that urine-derived cells from Fabry disease patients can be used to measure α-Gal A enzyme activity, Gb3 levels, RNA levels and proteomic alterations. These cells could also be immortalized for further mechanistic studies.
Urine samples of Fabry patients have been examined in the past focusing on direct measurement of Gb3 and lyso-Gb3 levels in patients' urine [17] [18] [19] . In this study, we investigated the cellular material derived from fresh urine samples. While urine Gb3 measurements proved to be very inconsistent [17] [18] [19] , the enzyme activity measurements we performed in urinary cells yielded stable results. This observation marks a promising step towards a non-invasive diagnosis in Fabry disease, as urinary cells could be implemented as diagnostic material via enzyme activity assays.
Investigation of renal and especially glomerular pathology of Fabry disease has been relying on immortalized human cell culture models in the past, since the Gla knockout mouse and the Gla knockout rat do not present with an overt kidney phenotype 20, 21 . Patient-derived cells mark a step closer to the actual human pathology, as these cells carry the disease-causing mutation.
We show here that urine-derived cells can be used for research applications, including transcriptomic and proteomic analyses. In contrast to previous proteome studies of a single patient 22 we compare several patient cell samples which are all carrying mutations in the GLA gene. Despite inter-individual variability, we identified a large number of lysosomal lumen proteins to be more abundant in patient samples compared to control samples. This finding indicates an upregulation of lysosomal proteins due to α-Gal A impairment. To our knowledge, this is the first description of an overall upregulation of lysosomal hydrolases in Fabry disease. Interestingly, the expression of most of these proteins underlies the control of the Transcription Factor EB (TFEB) 23 . Analysis of our Fabry patient dataset revealed an upregulation of known TFEB target proteins involved in lysosomal biogenesis, such as SUMF1, thus providing additional evidence for an involvement of the CLEAR network 23, 24 . This network was first characterized in 2011 as a system of lysosomal and autophagosomal proteins orchestrated by the transcription factor EB controlling major cellular clearance pathways 23 . Our data suggest that TFEB is an important regulator in Fabry disease, also shown in other lysosomal storage disorders 25 . In addition, Torsin-4A (TOR4A) was enriched in Fabry patient cells. Higher Torsin-4A levels have already been shown to correlate with defective lysosomal biology in fibroblasts from patients suffering from Nieman-Pick's disease 26 . Proteins dependent on or involved in endosomal trafficking are reduced in our patient samples. SPG20 binds with micromolar affinity to the endosomal sorting complex required for transport via (ESCRT)-III 27 . In a related manner PTPN23 facilitates endosomal sorting and multi-vesicular body (MVB) formation via ESCRT-I and TFRC as the first component of the endocytotic mechanism for iron uptake 28 . All three proteins were found to be less abundant in Fabry cells compared to healthy controls possibly indicating a defective endosomal trafficking pathway. Lysosomal lumen proteins are consistently increased in both α-Gal A-defective podocytes and urine-derived α-Gal A-deficient cells. In addition, extracellular matrix (ECM) proteins are increased in both α-Gal A-deficient podocytes and urine-derived cells from patients. The ECM proteins fibrillin and alpha-internexin were also more abundant in patient samples, eluding to the finding that interstitial fibrosis and scarring are often observed in kidney biopsies of Fabry patients 29, 30 . These markers have the potential of searching for and monitoring renal fibrosis in Fabry patients or to accompany renal biopsies in Fabry patients to yield further insights into disease pathology 2, 31 .
Overall, we demonstrate here that primary urine-derived cells reflect some, but not all, of the properties of Fabry disease. Some of the differences observed between primary urinary cells and known cell culture models may be explained by tissue-specific stress responses. In contrast to immortalized human podocytes exposed to lyso-Gb3, expression levels of COL4, FN1, HES1, and TGFβ1 were not elevated in urine-derived cells of Fabry disease patients 14 . Likewise, we did not find evidence for alterations of autophagy in these cells, as we reported earlier in a study of α-Gal A-deficient human podocytes 13 , and Chévrier et al. reported in human lymphoblasts and fibroblasts 12 . These variations may occur due to different cell types and different cell culture conditions used.
We have analyzed a limited number of patient samples in our study. Due to the high clinical variability between different individuals it is critical to confirm our results in a larger cohort of Fabry patients. This study may be a starting point and can direct us to candidate proteins and pathways to investigate and to validate in follow-up proteome studies of urine-derived cells.
In conclusion, urine-derived cells are an effective source of primary patient material for future studies of pathomechanisms in Fabry disease. They also hold the potential of monitoring Fabry patient therapy. The proteomic data we obtained from patient-derived urinary cells could be used as a first step in evaluating prognostic markers detectable in patient urine. Besides using these cells as diagnostic tools, testing of therapeutic interventions is feasible. In the context of personalized medicine, primary urine-derived cells could be exposed to different types of compounds or even gene-editing strategies to test their therapeutic capacity. 
Methods
Primary urine cell culture. Urine-derived cells were obtained from Fabry patients and healthy gendermatched controls as previously described 11, 22 . Cells isolated from fresh urine (40-125 ml) were plated in a noncoated 24-well plate, and cells were expanded up to passage 3. The glucose concentration in primary medium is 3.15 g/L, and in proliferation medium 2.9 g/L. Since we preferred to keep the passage of the primary cell culture at maximum three, not all experiments were performed with cells of all seven affected individuals. Cells were not immortalized.
Human podocyte cell culture. The conditional immortalized human podocytes, control podocytes and podocytes with reduced α-Gal activity were cultured as previously described 13 . Briefly, immortalized podocytes were transduced with co-shRNA (control), and with shRNA 894 (α-galactosidase A knockdown) and cultured in RPMI media (Sigma-Aldrich, Taufkirchen, Germany) with insulin-transferrin-sodium selenite as supplement (ThermoFisher Scientific, Waltham, USA) containing 10% fetal bovine serum (Biochrom, Berlin, Germany). Cells proliferated at 33 °C until they reached a confluence of 60-70%. Afterwards cells were differentiated at 37 °C for 14 days before harvesting them for proteomic analysis. Cells were regularly tested for mycoplasma infection using mycoplasma detection kit from Minerva biolabs (Minerva Biolabs, Berlin, Germany).
Immunofluorescence. Urine-derived cells (passage 1 or 2) were grown on coverslips to a confluency of 80%. After fixation with 4% PFA and blocking with normal donkey serum in PBS containing 0.1% triton-X, coverslips were incubated with rat anti-Gb3 (CD77) (Abcam, ab19795) o/n at 4 °C. Secondary antibody staining was performed for 1 hour at room temperature with Cy3-conjugated goat anti-rat IgM µ chain specific (Jackson, 112-165-020). Coverslips were mounted in ProLong Diamond with DAPI (ThermoFischer, P36962) and imaged with a ZEISS LSM710 confocal microscope (Zen software).
Nano-liquid-chromatography-(nLC)-MS/MS proteomic analysis. All urine-derived cell samples
were harvested at passage 3 from a 70% confluent 100 mm petri dish. PBS-washed cell pellets were snap-frozen in liquid nitrogen and stored at −80 °C until further processing. Podocytes and urine-derived cell samples were prepared as described previously 22 . In short, cells were lysed in 8 M urea, 50 mM ammonium bicarbonate and protease inhibitors. After centrifugation at 4 °C, protein concentrations were measured with the Pierce BCA protein assay kit (Thermo Scientific). Protein lysates were reduced using 10 mM DTT, followed by 40 mM iodacetamide reduction, both 45 minutes at RT in the dark. Finally, 20 µg of proteins were digested using trypsin at RT in the dark. Overnight digestion was stopped by adding 0.5% formic acid, and peptides were cleaned and desalted with stop-and-go extraction tips (Stagetips) 32 . Before MS/MS analysis, peptides were resuspended in 0.1%FA and nLC fractionation of peptides was performed using a 1 hour (cultured human podocytes) or 2,5 hour (urine-derived cells) gradient with a binary buffer system as previously described 33 . Peptides were analysed using a quadrupole-orbitrap based QExactive Plus mass spectrometer (Thermo Scientific) 34 .
Statistics. Raw files were quantified and normalized using the MaxQuant version 1.5.5.1 35 with default settings and using the LFQ algorithm 36 . Match between runs option was enabled. The human reference proteome without isoforms was used as a database (downloaded from Uniprot December 2016). Peptide, PSM and protein FDR were 0.01. MaxQuant output (protein group files) were analysed using Perseus 1.5.5.3 16 . For the primary urinary cell data, search results containing reverse hits were removed, as well as contaminants and proteins identified by site only. LFQ expression values were logarithmized (log2). Imputation of the missing values was performed when four values were present in each group with default parameters (downshift 1.8 SD, width = 0.3). Normalization was performed by subtracting the median from all samples. In all cases, proteins were annotated with GO terms, Pfam (protein families) domains and kyoto encyclopedia of genes using the Perseus main annotations file (April 2015). Statistical overrepresentation of the respective categories was performed using Fisher's exact test (using a cut-off of P = 0.05) and at least three proteins within a category. Volcano plots were generated by plotting the negative logarithmized p value (−log10) vs the log2 ratio of expression values in Fabry patients vs controls. Differentially changed proteins were determined by a p-value < 0.05 (−logp > 1.301) and a log2 fold-change of bigger than 1 or smaller than −1. For the cultured human podocyte data, we accepted a number of 8/12 valid values. Data were logarithmized, and processed as described above. To determine two-tailed t-test was performed using a method similar to SAM 37 with FDR = 0.2 and s0 = 0.1 and a two-tailed t-test. 2D GO enrichment 16 was used for comparison of both datasets after matching the Uniprot data from the cultured podocytes on the urine-derived cells quantification. Log2 fold changes were used as input for the algorithm as previously described 38 , and differentially distributed GO terms were plotted in a scatter plot after FDR correction FDR < 0.05. RT-qPCR. Cells were lysed and total RNA was isolated (TRI Reagent, Sigma Aldrich). RNA concentration was measured (Nanodrop 1000 spectrophotometer, Peqlab) and cDNA was synthesized from 1000 ng RNA template using the High Capacity cDNA RT Kit (Applied Biosystems) according to the supplier's protocol. Dilutions were made for RT-qPCR analysis to determine mRNA expression levels which were normalized against a reference gene. The Power SYBR Green PCR Master Mix (Applied Biosystems) was used to Supplemental Table S1 . The ΔΔCT method was used for statistical analysis to determine relative gene expression levels.
Enzyme assay. Cultured primary urinary cells were collected in cold PBS. Cell lysis was performed by freezing and thawing over five cycles. Enzyme activity for α-Galactosidase A (α-Gal) and β-Galactosidase (β-Gal) was measured after incubation of lysed cells with 4-methylumbelliferyl a-D-galactopyranoside for α-Gal or 4-methylumbelliferyl b-D-galactopyranoside for β-Gal (Sigma, Taufkirchen, Germany) as described previously 39 α-Gal A activity was normalized to β-Gal activity, functioning as an internal control.
Western blot. We performed Western blot analysis using standard techniques. SDS-PAGE was used to resolve proteins by size while visualization was done using infrared fluorescence secondary antibodies and scanning with the LI-COR odyssey system (LI-COR Biotechnology, Bad Homburg, Germany) as described previously 40 . A molecular size marker (PageRuler, Thermo Scientific, 26620) was included. We quantified bands with the Image studio software by LI-COR. Anti LC-3 antibody (MBL, Woburn, USA) was diluted 1:500, anti beta-tubulin antibody (Developmental Studies Hybridoma Bank, University of Iowa, USA) 1:200. Ethics approval. Primary urine cells were derived from Fabry patients with known mutations in the GLA gene. The ethics committee of the University Hospital Cologne approved the study, and written informed consent was obtained from all study participants prior to entering the study. All experiments were performed in accordance with the guidelines and regulations. This study is registered at the German Registry for Clinical Studies Drks. de as DRKS00010534.
